Inositol 1, 4, 5-trisphosphate receptor (IP3R) has been established to be essential for hearing. However, the expression of IP3R in the cochlea in the period of auditory development remains unknown. We investigated the expression of IP3R in the developing rat cochlea using immunohistochemistry and real-time reverse transcription polymerase chain reaction (RT-PCR). We observed its presence in the developing rat cochlea, and changes in IP3R protein expressions from the early post-natal period to adult. At birth (postnatal day 0, P0), IP3R expression was only found in Hensen's cell. IP3R immunoreactivity first appeared in the sensory hair cells in the organ of Corti at P2. This localization was confirmed by means of double-labeling experiments with Myosin VIIA, a marker for cochlear hair cells. Colocalization of IP3R and Myosin VIIA from P2 to the second post-natal week suggested early expression of IP3R in developing inner and outer hair cells. Claudius' cells near the spiral ligament were labelled for IP3R from P8 onwards. Transient IP3R expression was observed in the stria vascularis in early post-natal rat from P4 to P8. Spiral ganglion neurons also exhibited weaker IP3R fluorescence signals during post-natal development. The results of RT-PCR demonstrated that all three IP3R isoforms (IP3R1, IP3R2, and IP3R3) were present in rat cochlea during four different developmental stages of cochlea, from P0 to P28. Present immunohistochemical evidence for both change and maintenance of expression of IP3R during post-natal development of the rat cochlea indicated the possible involvement of IP3R-mediated calcium signaling in cochlear development.
Introduction
According to the theory of P2 purinoceptor / phospholipase C (PLC) / inositol 1, 4, 5-trisphosphate (IP3) / Ca 2+ signaling cascade, supporting cells within Kölliker's organ in the immature cochlea release ATP through the gap junctional hemichannel, ATP excites G protein coupled P2 purinoceptor on adjacent cells that produce PLC dependent IP3, Ca 2+ releases from the intracellular calcium stores induced by the IP3 receptor (IP3R), then Ca 2+ signal propagates among cells. 1, 2 Numerous and diverse aspects of cochlear physiology are controlled by calcium signaling that derives mainly from two pathways, namely, Ca 2+ release from intracellular stores and Ca 2+ influx through ion channels. The former is ascribed to both the IP3R and the ryanodine receptor (RyR). 3 The role of Ca 2+ released from intracellular stores in hearing was confirmed in a mutant connexin 26 (Cx26) model in which the impaired intercellular transfer of IP3 caused recessive hereditary deafness. 4 IP3 is a Ca 2+ -mobilizing second messenger, and signals by binding to the IP3R. 5 Three mammalian subtypes of IP3R (IP3R type 1, 2, and 3), deriving from three different genes, have been identified by molecular cloning. 6 They have the same IP3 binding site, showing the same Ca 2+ gating, and ionic conductance. 7 Despite the indispensable role of IP3R in the signaling cascade, the expression of IP3R is undetermined in the developing cochlea, and not systematically reported in the mature cochlea, according to previous reports. For example, using immunofluorescence staining, Gossman et al. 8 reported that IP3Rs were extensively expressed in the cochlear sensory epithelium in which intense labeling for IP3Rs was visible in the cytoplasm and on the cochlear cell surface in adult guinea pig. However, the precise localization of IP3R was not available in their results. In another study, IP3R was localized to the lateral wall of the outer hair cells (OHCs) in whole-mount preparations of the organ of Corti also in adult guinea pig through immunofluorescence staining. A patch clamp study by Sugasawa et al. 9 showed that intracellular heparin, an inhibitor of IP3 receptors, significantly reduced the ATP-evoked Ca 2+ response in inner hair cells (IHCs), which suggested that IP3R is expressed in IHCs. Obviously, the knowledge of the spatiotemporal expression of IP3R in the developing and mature cochlea would provide the basis for further understanding how IP3R-mediated calcium signaling contributes to cochlear function. In addition, IP3R expression has been shown to be associated with proliferation, differentiation, and development in many cell types. [10] [11] [12] [13] It would be of interest to know whether the expression of IP3R was related to cochlear development. In our previous study, we determined the distribution of RYR in developing rat cochlea and provided direct evidence implicating RYR as an important regulator of cochlear maturity.
14 Therefore, we carried out a detailed analysis of the expression pattern of IP3R in the developing and adult rat cochlea using immunofluorescence in the present study. Since the antibody used for IP3R characterization does not discriminate each isoform of IP3R, the expression of three IP3R isoforms in the rat cochlea during post-natal development was studied by RT-PCR.
post-natal day 0 (P0), P2, P4, P8, P14, P17, P21, P28 and the adult. The experimental procedures of the present study were performed in accordance with the regulations of the Animal Use and Care Committee of Shanghai Jiaotong University School of Medicine. Post-natal rats were anesthetized by an intraperitoneal injection of 10% chloral hydrate (0.2 mL/100 g).
Western blotting
Western blotting was performed using extracts from samples of the entire adult cochlea. A whole brain was removed from one animal. Tissues obtained from the two different regions were homogenized separately in ice-cold RIPA Lysis Buffer (50 mM Tri-HCl, pHs 7.6, 150 mM NaCl, 0.1% SDS, 1% NP40, and 0.1 mM EGTA). Homogenates were fractionated by SDS-PAGE and electrophoretically transferred onto a nitrocellulose membrane. Membranes were blocked with 5% w/v nonfat dry milk and immunoblotting was performed using rabbit anti-IP3 polyclonal antibodies (1:1000; Abcam, Cambridge, MA, USA) and anti-β-Actin monoclonal antibody (1:1000; Biyuntian, Hangzhou, China) served as an internal loading control. The protein bands were visualized by the application of horseradish peroxidase-conjugated secondary antibody, and were detected using a chemiluminescent reagent (Biyuntian). Reaction product levels were quantified by the Quantity One System (Bio-Rad, Hercules, CA, USA).
Immunohistochemistry
Since the reliability of our fixative protocol was confirmed in a previous study, 15 the present study continued to follow it. Post-natal rats at different developmental stages (P0, P2, P4, P8, P14, P17, P21, and adult) were fixed initially by intracardiac perfusion with ice-cold 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.4) and the cochlea was then quickly removed. The round and oval windows of the cochlea were opened, and a small hole made in the bony apex of the cochlea. After perilymphatic perfusion with the above fixative, cochleae were post-fixed in the same fixative for 35 min at room temperature. P5 and older animals were decalcified in 10% EDTA at pH 7.4. The cochleae ware thoroughly rinsed with 0.01 M PBS and subsequently placed in a gradient of sucrose 15% for 3 h and 30% overnight. The cochleae were then embedded in optimum cutting temperature compound (OCT) at 4°C for 3 h. Serial 6-μm-thick sections were cut with a cryostat microtome. The frozen sections were pre-incubated in 10% normal donkey serum, 0.3% TritonX-100 in PBS for 30 min at room temperature, followed by incubation with the polyclonal IP3 receptor antibodies (1:250; Abcam) in 5% normal donkey serum and 0.1% Triton X-100 in 0.01 M PBS overnight at 4°C. After rinse in 0.01M PBS, the sections were incubated in Alexa 488-conjugated donkey antirabbit antibodies (1:200; Jackson ImmunoResearch, West Grove, PA, USA) at 37°C for 1 h. For IP3R and myosin VIIA double labeling of cryosections of the cochlea from P0 to P14 rat, anti-IP3R antibody was mixed with mouse antimyosin VIIA antibody (1:200; Hybridoma Bank, Iowa City, IA, USA), in PBS containing 0.1% Triton X-100 and 5% normal donkey serum, overnight at 4°C. Negative control sections were processed with PBS instead of the primary antibodies. After washing in PBS, the sections were Original Paper incubated with a mixture of Alexa 488-conjugated donkey anti-rabbit (1:200; Jackson) and Alexa 594-conjugated donkey anti-mouse antibodies (1:200; Jackson) secondary antibodies. Sections were rinsed, nuclei were visualized with 4', 6-diamidino-2-phenylindole (DAPI). Images were photographed on a laser confocal scanning microscopes (LSM 710; Zeiss, Jena, Germany) using Zeiss ZEN 2010 software, images were processed using Adobe Photoshop software.
RNA isolation and quantitative RT-PCR
Rats at four different developmental stages (P0, P8, P14, and P28) were decapitated, and the cochlea was collected from 5 animals at each developmental period. Total RNA extraction was performed using Trizol Reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions. Reverse transcription was carried out using the RevertAid First Strand cDNA Synthesis Kit (Fermentas, Hanover, MD, USA). PCR amplification was carried out using the following primers:
IP3R1, 5 -CCTCTTCCGGTTCAAGCACCTGG-3 (forward) and 5 -GCATTTCTCAACCTGCTCC-GAGATG -3 (reverse); IP3R2, 5 -CCGTACAAGTACGTGCTGCGTC TC-3 (forward) and 5 -GCCGATCTGAGACTG-CATGACGC-3 (reverse); IP3R3, 5 -CGTGGTCGGCGAGGCCGTG-3 (forward) and 5 -CGCAGCAGCTCGCT-GAAGCTG -3 (reverse); and β-actin, 5 -GAC-CTTCAATGTCCCTGCCATG-3 (forward) and 5 -GATAGGCACGTTGTGAGTCACGC-3 (reverse) (from Invitrogen).
The amplification parameters were as follows: 95°C pre-denaturation (1 min), followed by 40 cycles at 95°C (15 s), 58°C (20 s), and 72°C (20 s), with a final extension at 72°C (5 min), and a melting curve analysis (72-95°C, increments of 1°C) to confirm primer specificity. Data were analyzed using the ΔΔC T method, and the β-actin gene was used as an endogenous internal control at all stages. The threshold cycle (C T ) was normalized to the housekeeping β-actin gene, and the 2 -ΔΔCT method was used to calculate changes in gene expression.
Statistical analyses
Comparison of mRNA levels of IP3R1, IP3R2, and IP3R3 at the various developmental stages was made using analysis of variance. Comparison of mRNA levels among IP3R1, IP3R2, and IP3R3 at the corresponding developmental stages was made using analysis of variance as well. The Brown-Forsythe version of analysis of variance [F( BF )] was used, while the assumption of homogeneity of variance was rejected.
Results

Antibody specificity
Western blotting analysis was performed to confirm the specificity of the anti-IP3R antibody in the present study. A band with about 314 kDa molecular weight was recognized by the polyclonal anti-IP3R antibody in both the cochlea and the brain (as a control tissue) in adult rat (Figure 1 ). These findings demonstrated that this antibody was suitable for immunohistochemistry.
Localization of IP3R in the rat cochlea during development by confocal microscopy
The immunolocalization of IP3R was investigated in the developing rat cochlea at different post-natal days. The key findings of this study concern changes in the expression of IP3R during post-natal development of the rat cochlea. At birth (P0), there was virtually no detectable immunolabeling in the rat cochlea, with exception of Hensen's cell in the organ of Corti (Figure 2 A,B) . Our results revealed the characterization of IP3R in the cochlear middle turn and were representative for all turns, since no changes in longitudinal expression have been observed (data not shown). No immunolabeling in present study was observed if using anti-rabbit IgG antibody instead of primary antibody (anti-IP3R) (Figure 2 C,D) . However, non-specific staining in control experiments, occurred with anti-mouse IgG antibodies, was found consistently in the basiOriginal Paper lar membranes, the spiral vessel underneath the basilar membrane, spiral ligament, and spiral limbus (not shown). Previously, it has been proposed that mouse IgG, but not IgM, can produce artifactual diffuse staining in the spiral limbus, the basilar membrane, and beneath the external sulcus cells. 16 Until P2, no IP3R immunoreactivity was detected in both IHCs and OHCs in the organ of Corti, whereas IP3R immunolabeling disappeared from Hensen's cell (Figure 3 A,B) . At P4, IP3R immunostaining was similar to that described for P2, the most notable immunolabeling was observed in the IHCs and OHCs. Apart from this, immunolabelling for IP3R was observed in the spiral ganglion neurons (SGNs) and stria vascular (Figure 3 C,D) . At P8, strong immunolabelling was still present in the sensory hair cell regions, however, the SGNs and the stria vascular continued to express IP3R though weak. Even more impressively, IP3R immunostaining extended laterally to include the Claudius' cells (Figure 4 A,B) . At the onset of hearing (P14), little or no labeling appeared in the SGNs and the stria vascular. It appeared that IP3R expression was constrained in the organ of Corti. Uniform distribution of IP3R immunolabeling was observed in the cytoplasm of the IHCs, from the base to the apex. However, immunolabeling in the OHCs was found in the cytoplasmic region between the cuticular plate and the nucleus. A lesser degree of IP3R expression was observed in the Deiters' and Claudius' cells (Figure 4  C,D) .
To further clarified whether IP3R is specifically expressed in early post-natal cochlear hair cells, cryosections of the rat cochlea from P0 to P14 rat were co-labeled with antibodies against IP3R and myosin VIIA, the latter proven to be a reliable marker for developing hair cells. [17] [18] [19] The results revealed that substantial colocalization of IP3R and myosin VIIA in P2-P14 cochlear hair cells, while no coexpression of IP3R and myosin VIIA could be detected in cochlear hair cells in the P0 rat ( Figure 5 A-O) .
Beyond the second post-natal week to the adult, IP3R expression profile exhibited only minor changes. At P17, IP3R expression remained restricted to the organ of Corti. IP3R immunolabeling was observed in the IHCs and OHCs, the basal region of the Deiters' cells adjacent to basilar membrane and the Claudius' cells (Figure 6 A,B) . At later postnatal stage (at P21), sensory hair cells staining was still pronounced in the cytoplasmic. In the Deiters' cells, the cytoplasmic region beneath the nucleus was immunolabelled (Figure 6 C,D) . In the P17-P21 period, the expression of IP3R was still much weaker in SGNs than hair cells (Figure 6 E,F) . In adult, a more homogenous IP3R immunolabeling was distributed throughout the cytoplasm of IHCs and OHCs, including both basal and apical regions. An increased immunolabeling was observed in Deiters' cells. In addition, inner sulcus cells and Claudius' cells exhibited moderate immunostaining (Figure 7 A,B) . Omission of primary antisera resulted in loss of these specific labeling profiles in cochlear tissues in adult (Figure 7 C,D) .
Expression of mRNAs for IP3R1, IP3R2, and IP3R3 in the rat cochlea
The results shown in Figure 8 demonstrated that mRNAs for all the three isoforms of IP3Rs were present in the whole rat cochlea. 
Discussion
In this study, we provided the first detailed immunohistochemical description of IP3R distribution in the developing and adult rat cochlea. Our results showed the developmental changes of IP3R expression before the onset of hearing that occurs at around P12-P14. 20 IP3R protein was only expressed in the Hensen's Original Paper cell of the organ of Corti at birth. It has been reported that at a similar developmental age, delivery of IP3 to a single Hensen's cell in the organotypic cultures of the organ of Corti induced a transient intracellular Ca 2+ elevation. Not until P2 was IP3R immunoreactivity detected in both types of hair cells, and persisted into adulthood. The role of IP3R-mediated Ca 2+ store release in immature OHCs is unclear, however, the Ca 2+ channel has been demonstrated to trigger the transmitter release at the presynaptic level in IHCs in neonatal mice. 21 Furthermore, calciuminduced calcium release (CICR) was proposed to contribute to the presynaptic function of neonatal IHCs. 22 CICR was an amplification process whereby the increase of intracellular calcium caused by the opening of calcium-permeable channels activates calcium release from the stores. 23 Although CICR depends on RyR, the process of CICR may apply for IP3R as well, given that IP3 is not the only mediator of IP3R function, and that Ca 2+ plays a key role in shaping IP3R-evoked Ca 2+ signaling. 24, 25 Furthermore, in contrast to localization of RyR at P10 of rat we previously observed, IP3R expression was detectable in IHCs and OHCs 7 days earlier. We proposed that the presence of IP3R in the immature sensory hair cells provided an important pathway to increase intracellular Ca 2+ required for functioning and maturation of IHCs and OHCs. At P8, IP3R expression was detected in the supporting cells (predominantly Claudius' cells) in the organ of Corti. The developmental change of IP3R expression in this region observed in present study accurately parallels that of propagation of an IP3-mediated Ca 2+ signal across supporting cells of neonatal cochlear organotypic cultures reported previously, namely, the spreading of Ca 2+ waves triggered by direct IP3 injection was not observed until P8. 26 This Ca 2+ wave propagation could be eliminated by the gap junction hemichannel blocker. Hemichannel-mediated IP3 release in the developing cochlea has been determined. 8 On the other hand, in the immature organ of Corti, around P5, activation of IP3-mediated Ca 2+ responses could increase the levels of connexin 26 transcripts. 27 Several studies have proposed that gap junctional communication is required for cochlear ontogeny. 28, 29 Based on these findings, we postulated that IP3 releases through gap junctional hemichannel into the extracellular space, where IP3 acting as an extracellular mediator binds to IP3R on IHCs and OHCs described here to induce Ca 2+ release from an IP3-sensitive Ca 2+ store, and ultimately increases in intracellular Ca 2+ needed for cochlear development. 30 By extension, impairment of the transference of IP3 through the mutant channels during cochlear ontogeny might be implicated in the etiology of connexOriginal Paper in-related hearing impairment.
After hearing onset, hair cells and supporting cells in the mature cochlea continued to express IP3R, the presence of functional IP3R in these cells has been reported. 9, 31, 32 However, inconsistent with our results, there was functional and immunocytochemical evidence for IP3R expression in Hensen's cell of adult guinea-pig and rat cochlea. 33 The reasons for this discrepancy might include sample preparation, different antibodies used, and some species differences. In the present study, immunofluorescence labeling for IP3R was distributed throughout the cell body of adult IHC, from the base to the apex, indicating the possible involvement of IP3-gated Ca 2+ stores in sound transduction at the apex of IHC and in release of neurotransmitter at the base. It was noteworthy that IP3R immunostaining selectively confined to the cytoplasm. Accordingly to our immunofluorescent data, ultrastructural examination of IHCs, OHCs and Deiters' cell has demonstrated that endoplasmic reticulum, the major source for calcium release from intracellular stores, was located in the cytoplasmic region. 31, 32, [34] [35] [36] Compared with the pronounced expression of IP3R by the sensory hair cells, SGNs expression was relatively weaker. This labeling indicated that IP3-sensitive Ca 2+ store may not be a preponderant pathway for Ca 2+ entry associated with auditory neurotransmission in the SGNs. In isolated SGNs from the rat cochlea, stimulation of P2Y metabotropic receptors by ATP resulted in the activation of a nonspecific cation conductance. 37 These receptors are coupled to PLC pathways and, consequently, to IP3 and diacylglycerol (DAG) synthesis. DAG, another important intracellular messenger leading to cation channel opening, is formed concurrently with IP3 during PLC activation. 38 It has been reported that DAG-sensitive members of the transient receptor potential (TRP) channel family were involved in the G proteincoupled receptor signaling in the SGNs. 39, 40 TRP receptors have been shown to be strongly expressed in the cell body of SGNs by immunohistochemistry as well. 41 In addition, the most pronounced RyR protein expression, involving all three isoforms, occurred in the cell bodies of the SGNs throughout all post-natal developmental stage. Moreover, electrophysiological findings showed RyR-gated Ca 2+ release evoked an increase in intracellular Ca 2+ concentration in the cell body of the SGNs. 42 These differences between IP3R and RyR might indicate that they are involved in distinct physiological events.
The present results revealed for the first time by RT-PCR the presence of mRNA for all the three isoforms of IP3R, in rat cochlear tissues, at four developmental stages. In contrast to the differential expression of IP3R protein in developing rat cochlea, no temporal variation in the expression of mRNA for the three isoforms of IP3R was detectable. The results are compatible with the observation that the relative mRNA levels for each IP3R isoform, evaluated by ratiometric PCR methods, did not directly correlate with protein levels. 43 At each corresponding developmental stage, no statistically significant difference was found among all the three IP3R isoforms. It is unclear whether it implies that there is no difference in the subcellular localization of these IP3R subtypes. Further studies are clearly merited to resolve this issue.
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In this study, we determined the spatiotemporal expression of IP3R in the developing rat cochlea. IP3R expression occurred in the very early post-natal period, at the protein and mRNA levels, and was maintained throughout the period of hearing acquisition, implying a role for IP3R in cochlear development and auditory function. The expression of IP3R in the sensory hair cells and supporting cells of the developing organ of Corti further supported the involvement of IP3-gated intracellular Ca 2+ stores in sound transduction and the regulation of cochlear micromechanics.
